We demonstrate a f lat microlens that exhibits hermaphroditic focusing properties. When the input polarization is parallel (perpendicular) to the liquid-crystal directors, the lens exhibits a positive (negative) focal length. To select the proper polarization, we could rotate the polarizer (or the lens) mechanically or by use of an electrically controlled twisted nematic liquid-crystal cell. Details of the lens structure and of the device's fabrication and performance are described.
Liquid-crystal-(LC-) based microlens arrays have potential applications in optoelectronics, integrated optics, information processing, optical communications, and three-dimensional displays. Various fabrication methods, such as techniques that involve zone patterned structures, 1 holes or hybrid-patterned electrodes, 2 -4 surface-relief prof iles, 5 -9 and inhomogeneous polymer network LCs, 10, 11 have been proposed, and the general operation mechanism is based on electric-f ield-induced gradient refractive indices. Among these approaches, homogeneously aligned LC cells are commonly utilized because of their large refractive-index change. To vary the focal length we apply an external voltage across the LC lens. Because of the electric-f ield-induced molecular reorientation, the optical path difference between the edges and center of the lens can be tuned.
Most LC lenses are polarization sensitive. When the polarization of the incoming light is parallel to the direction of LC alignment, i.e., is an extraordinary ray, the focal length of the LC lens can be tuned continually within a f inite range that depends on the LC's birefringence. However, for an ordinary ray (i.e., polarization of the incident light perpendicular to the LC directors), the focal length of the LC lens does not change with voltage. Both positive and negative lenses can be designed according to need. However, once a lens is designed to have a positive (negative) focal length, it remains positive (negative). Although under some special operating conditions the central part of a positive LC lens can exhibit a negative focusing property, 12 the surrounding part remains positive. This volcano type of LC lens suffers from severe index distortion.
In this Letter we demonstrate a f lat LC microlens that exhibits either a positive or a negative focal length, depending on the polarization of the input light. Unlike a conventional LC lens whose focal length is tunable by applied voltage, our hermaphroditic LC microlens changes focal length according to the angle between the polarization axis and the LC directors. For an extraordinary ray, the focal length is positive, whereas for an ordinary ray the focal length becomes negative. By changing the relative angle between the polarization of the incident light and the LC directors, we can vary the focal length of the LC lens. This polarization rotation can be achieved manually or by an electrically controlled 90 ± twisted nematic (TN) cell. 13 Figure 1 depicts a side view of the microlens array. This f lat lens comprises a plano-convex LC lens and a plano-concave molded polymeric lens (shaded areas). In this study, the LC directors in the plano -convex lens are aligned along the x axis. The ordinary and extraordinary refractive indices (n o and n e ) lie along the y and x axes, respectively, as indicated in Fig. 1 . The plano -concave lens is made from an UV-cured polymer-LC composite upon a polyimide surface whose rubbing direction is along the y axis. Thus its refractive indices are also anisotropic: n 1 . n 2 . For our lens design we chose material systems that would satisfy the following relationship: n e ϳ n 1 . n 2 ϳ n o . When the incident light passes through the convex and concave lenses from the z axis with its polarization at an angle u with respect to the x axis, the focal length of the microlens can be expressed as
where R is the radius of curvature of a lens's surface and n LC and n mold denote the effective refractive indices of the LC and the molded polymeric lenses, respectively. Both n LC and n mold are dependent on u:
From Eqs. (1)- (3), when u 0, the focal length of the lens is f 1 R͑͞n e 2 n 2 ͒. In this case, focal length f 1 is positive. If u 90 ± , the focal length of the lens is f 2 R͑͞n o 2 n 1 ͒. Because n o , n 1 , focal length f 2 is negative. When n LC ϳ n mold , the focal length of the lens approaches infinity. Tuning the axis of polarization of the incident light gradually from 0 to 90 ± changes the focal length from positive to negative.
To fabricate the desired anisotropic polymeric lens with n 1 . n 2 as depicted in Fig. 1 , we mixed 80 wt. % of RM257 (a diacrylate monomer doped with 1-wt. % photoinitiator IRG184) with 20 wt. % of a Merck nematic LC, TL-205 ͑n o 1.527, n e 1.744͒. First we coated the LC-monomer mixture onto a bottom glass substrate at ϳ80 ± C. The inner surface of the glass plate was spin coated with a thin ͑ϳ80-nm͒ polyimide layer, baked, and then rubbed along the y axis. We then used a glass plano-convex microlens array as a stamper to create concave cavities over the coated mixture. The patterned LC-monomer mixture was cooled to 50 ± C and then exposed to UV light with intensity I 15 mW͞cm 2 for ϳ5 min. After UV exposure, the stamper was peeled off and the solidified concave microlens patterns remained on the glass substrate. The strong anchoring energy of the polyimide-coated bottom glass substrate inf luences the LC-monomer alignment during the UV-induced polymerization process. As a result, an anisotropic polymeric concave lens with n 1 . n 2 is achieved.
In the last step, we injected pure LC TL-205 into the molded polymer cavities and sealed them with a top glass substrate. The inner surface of the top glass plate also had a thin rubbed polyimide layer. The rubbing direction are along the x axis, which was orthogonal to that of the bottom glass substrate. The sealed cell was reheated at ϳ90 ± C and then cooled from the injected pure-LC side to room temperature to produce homogeneous LC alignment.
Before f illing the LC and putting on the top glass plate we measured the thickness ͑d͒ and the radius of curvature ͑R͒ of the molded polymeric lens. We found that d ϳ 50 mm and R ϳ 0.64 mm. We inspected the anisotropic property of the molded cavity arrays by observing the image of a small object through it, using a polarized optical microscope. As shown in Fig. 2 , from the bottom up the incident light passes through a polarizer, a green filter ͑l 546 nm͒, an object R, a sample stage, and an eyepiece. First, we adjusted the rubbing direction of the molded cavity arrays to be parallel to the polarizer's transmission axis. By adjusting the distance between the ocular and the sample, we observed multiple reversed images of the object through the cavity arrays, as shown in Fig. 3(a) . When the sample on the microscope stage was rotated gradually, the observed images were blurred. When the rubbing direction was perpendicular to the polarizer's axis, the blurriest images were observed, as shown in Fig. 3(b) . Moving the sample toward the ocular direction, as shown in Fig. 2(c) , caused the images to become clear again, but the sizes of the images had shrunk, as shown in Fig. 3(c) . This result implies that each of the molded cavities functions as a microlens and that the microlens exhibits anisotropic focusing properties.
To measure the focal length of the molded concave microlens arrays we initially focused on the microlens's surface and then raised the sample stage until a sharp image was found. The distance that the sample traveled was equal to the sample's focal length. According to the measurement, the focal lengths of the molded concave arrays parallel and perpendicular to the sample's rubbing direction are f 1 ϳ 20.62 mm and f 2 ϳ 20.76 mm, respectively. Correspondingly, the refractive indices of n 1 and n 2 were calculated to be 1.66 and 1.54, respectively.
After having characterized the molded polymeric cavity arrays, we injected pure LCs (Merck TL-205) into the cavities, and planar microlens arrays were formed. The imaging properties of the planar microlens arrays were also evaluated by use of the same polarized optical microscope. The setup is similar to that shown in Fig. 2 . Figure 4 (a) shows LC alignment parallel to the polarizer's axis [ Fig. 2(a) ]. By adjusting the distance between the ocular and the sample, we observed multiple erected images of the object through the microlens arrays. The images are magnified significantly because each microlens has a positive focus. By rotating the polarization axis of the Fig. 2(c) is closer to the eyepiece. analyzer 90
± and moving the sample toward the ocular direction, we observed multiple reversed images, as shown in Fig. 4(b) . The size of the image is reduced because each microlens has a negative focus.
The relationship between the rotation angle and the focal length of a microlens was measured with a polarized optical microscope, and the results (filled circles) are plotted in Fig. 5 . Here the incident beam is normal to the lens's surface. As the LC alignment is parallel to the polarization of the incident light ͑u 0͒, the focal length of the lens is positive but short. As u increases gradually, the focal length increases and then approaches infinity, as indicated by the open circles. When the LC alignment is perpendicular to the polarization of the incident light ͑u 90 ± ͒, however, the focal length is short and negative. At a smaller angle, the focal length remains negative but increases gradually. When the rotating angle is near 45 ± , it is difficult to measure the focal length because the focal length is long and the error is relatively large. Using Eqs. Besides manually rotating the polarizer or the LC lens, we can use an electrically switchable 90 ± TN cell 13 to select the polarization state. The use of a TN cell has to be accompanied with that of a linear polarizer. Let us assume that the polarizer's transmission axis is the y axis. In the voltage-off state, the TN cell rotates the polarization of the incident beam by 90 ± ; i.e., the position of the outgoing light is parallel to the x axis, as shown in Fig. 1 , and the lens has a positive focal length. In a high-voltage state, the polarization rotation effect vanishes; thus the output polarization is still on the y axis. Under such a circumstance, the microlens has a negative focal length. The switching time depends on the LC cell gap and the material employed.
14 For a 5-mm TN cell, the response time is ϳ25 ms.
In summary, a simple method for fabricating LC-based microlens arrays has been demonstrated. Each microlens in the array exhibits hermaphroditic focusing properties. By switching the input light's polarization, we can change the focal length from positive to negative or vise versa. The means of fabrication is straightforward. Potential applications for image processing and f lat-panel displays are foreseeable.
